).
Glioblastoma (GBM) is the most common primary neoplasm of the brain and affects 11 000 people every year in the United States. 1 It is a very aggressive tumor, with historical median survival rates ,1 year if left untreated, and is highly resistant to conventional chemotherapy. 2 The existing chemotherapeutic treatments for such tumors are based on drugs aimed at inducing extensive DNA damage and disrupting the mitotic machinery of the cells. 2, 3 However, the fact is that malignant gliomas tend to develop resistance to these drugs. 4 Another major drawback is that these current chemotherapeutic agents affect not only the malignant cells but also the normal neural tissues, generating long-standing neurotoxicity in cancer survivors. 5 Malignant gliomas are characterized by cellular heterogeneity, and attention has to be paid to the selective tailoring of treatment approaches toward differing neoplastic cell subpopulations. Glioma stem-like cells (GSCs) potentially drive tumor initiation and renewal. 6 GSCs are resistant to radiation 7 and possibly resistant to chemotherapy. 8 The proteasome is a key regulator of normal cell functioning. It is responsible for the degradation of intracellular proteins, which can therefore prevent the accumulation of denatured, misfolded, and/or aged proteins. In normal cells, this accumulation of dysfunctional proteins leads to apoptosis. 9, 10 However, cancer cells evade normal apoptotic pathways via alteration of the proteasomal pathways. 11, 12 Preclinical studies have demonstrated that cancer cells are potentially more vulnerable to proteasome inhibition in comparison with normal cells. 13 Thus, apoptosis may be selectively induced in cancer cells by inhibiting their proteasome activity. 9, 14, 15 The effort to develop new chemotherapeutic drugs based on these ideas led to the discovery of bortezomib (PS-341, Velcade), the first proteasome inhibitor approved by the FDA for the treatment of multiple myeloma and subsequently mantle cell lymphoma. 16 -18 A second irreversible proteasome inhibitor, carfilzomib, with a limited 20S proteasome inhibition profile (ie, only the chymotrypsin-like CT-L) proteolytic site was also approved by the FDA for the treatment of multiple myeloma (FDA, July 20, 2012) . Although effective in the treatment of extracranial cancers, the efficacy of carfilzomib and bortezomib have been limited by their inability to cross the blood-brain barrier (BBB) at efficacious doses; 19 therefore, they may have only modest activity as treatment for malignant gliomas in vivo. 20, 21 Marizomib (NPI-0052, salinosporamide A) is a secondgeneration irreversible proteasome inhibitor whose bicyclic b-lactone g-lactam structure differs significantly from other peptide-based proteasome inhibitors such as bortezomib and carfilzomib. Marizomib has a broader inhibition profile for the 20S proteasome compared with bortezomib and carfilzomib and has been shown to inhibit the CT-L (b5) CT-T-laspase-like (C-L, b1) and trypsin-like (T-L, b2) activities of the 20S proteasome. Moreover, marizomib activates a variety of the caspases (ie, 3, 8, and 9), builds up reactive oxygen species (ROS), and thus induces apoptosis. 22, 23 The aim of our study was to determine the effect of marizomib on malignant glioma cells, investigate the ability of marizomib to cross the BBB, and test the antitumor function of marizomib in orthotropic xenograft implantation of human glioma cells in immunocompromised mice. To date, the activity of marizomib in malignant glioma models has been studied only in a few permanent, homogenous, serum-raised glioma cell lines. 24 Therefore, another purpose of our study was to compare the different responses among GSCs derived from human primary brain tumors, normal neural stem cells (NSCs), and stable malignant glioma cell lines with marizomib.
Materials and Methods

Chemicals and Reagents
All standard chemicals, buffers, and reagents, unless otherwise indicated, were purchased from Sigma Aldrich. Marizomib was provided by Triphase Accelerator Corporation and was diluted in 2% dimethylsulfoxide (DMSO) or 5% Solutol aqueous solution and used within 2 hours of preparation.
Cell Lines
The primary brain tumor stem-like cells (low-grade glioma LG-GSC-DB29, LG-GSC-DB30; high-grade glioma HG-GSC-DB17, HG-GSC-DB26, HG-GSC-DB32, HG-GSC-DB33 HG-GSC-HuTuP01; Meningioma-SC-M1, Meningioma-SC-M2), and NSCs (SC23, SC27, and DB31) were isolated from patients as previously described. 25 -27 HuTuP01 cells were a gift from Dr. David Panchision. 28 The detailed culture conditions and verification of stem-like characteristics were previous published by our group 5, 26 and are included in Supplementary Methods. The human glioma cell lines U-251 MG and D-54 MG were maintained in Dulbecco's modified Eagle's medium/F-12 medium containing 292 mg/mL glutamine, 1% penicillin/streptomycin, and 10% fetal bovine serum (Omega Scientific, Inc.).
20S Proteasome Activity Assay
The CT-L activity in cells was measured using the 20S Proteasome Activity assay Kit (Chemicon International Inc.). Briefly, cells were treated with 60 nM marizomib for the indicated time points and then collected. The CT-L activity was measured as relative fluorescence units (RFUs). For the in-vivo proteasome profiling studies (see Supplementary Methods), brain tissues from male cynomolgus monkeys were processed as in the previous mouse study, 29 and samples were evaluated using Proteasome-Glo Assay Kits (Promega).
Cell Viability
Cells were exposed for 72 hours to various concentrations of marizomib in the presence or absence of 10 mM of N-acetyl cysteine (NAC) as indicated. Cell viability was determined using the Cell Viability kit II (XTT) (Roche Applied Science).
Invasion Assay
The invasion assay was performed using the BD BioCoat Matrigel Invasion Chamber (BD Biosciences). After an incubation of 24 hours with marizomib (60 nM), invaded cells were fixed and then stained in hematoxylin. Cell counting was facilitated by photographing the entire membrane through the microscope. 
Apoptosis Assay
4
′ , 6-diamidino-2 ′ -phenylindole Staining U-251 cells were grown on chamber slides and treated with marizomib at 60 nM for 24 hours. Cells were fixed and then stained with 2 mg/mL of 4 ′ , 6-diamidino-2 ′ -phenylindole (DAPI) for 10 minutes. Images were captured using a fluorescence microscope.
Caspase Assay
The induction of caspase-3 in marizomib-treated D-54 cells was measured using the Apopcyto Caspase-3 Fluorometric assay kit (MBL International Corp.). D-54 cells were grown to subconfluence, and treated with either 20 nM or 60 nM marizomib for 24 hours. A parallel set was also treated with 10 mM NAC to quench any ROS that may have been generated. The effect of NAC was expressed as the percentage change from vehicle-treated cells.
Reactive Oxygen Species Measurements
D-54 cells were treated with marizomib at 60 nM for 12 hours in the presence or absence of 10 mM of NAC. The intracellular ROS were measured using the OxiSelect ROS assay kit (Cell Biolabs, Inc.). The details are included in Supplementary Methods. 
Nervous Tissue Distribution of Radioactivity in
Intracranial Xenograft Implantation and Marizomib Treatment
Under the UC Irvine IACUC -approved protocol, D-54 (1 × 10 5 ) cells were implanted into the right frontal lobes of athymic BALB/c nu/nu mice. Four days after the implantation, the mice were randomized to 3 groups (n ¼ 6 -8) and treated with the control vehicle, marizomib, at the MTD (200 mg/kg), and marizomib at the dose below the MTD to minimize potential human toxicity that might not be noticed in a murine model (MTD-1, 150 mg/kg). The drug or vehicle control was administered biweekly (on days 1, 4, 8, 11, 15, etc.) into the tail vein of the animals. The survival time was calculated from the day marizomib (or vehicle) treatment was started and the day when a mouse showed moribund signs including hemiparesis, obtundation, hunchback, or weight loss of .20% from the maximum weight achieved.
Statistical Analysis
Statistical analyses were performed, and graphs were generated using Prism 4.0 (GraphPad). All values were presented as mean+standard error of the mean when at least 3 observations were available. Statistical significance was measured by unpaired t tests or 1-way ANOVA unless otherwise indicated.
Results
Marizomib Inhibits the Proliferation, Migration, and Invasion of Glioma Cells
Since marizomib is a second-generation proteasome inhibitor, we first examined its effect on the 20S proteasome activity of stable malignant glioma cell lines U-251 and D-54. The results showed that marizomib had a profound effect on the proteasome activity of both U-251 and D-54 cells; the CT-L activity in both cell types had been reduced to 15% after 4 hours of treatment (Fig. 1A) . The viability of D-54 and U-251 cells was measured following exposure to increasing concentrations of marizomib. The IC50 was calculated to be 52 nM for U-251 and 20 nM for D-54 (Fig. 1B) .
It has been reported that GSCs have a lower baseline proteasome activity than the differentiated glioma tumor mass cells, as well as NSCs, 5, 30 and are more sensitive to proteasome pathway inhibition by bortezomib. 5 We next compared the response to marizomib among low-and high-grade GSCs, meningiomaderived primary cultures, and NSCs. As shown in Fig. 1C , marizomib rapidly and significantly inhibited the CT-L activity in all cell types tested, and malignant GSCs had a lower baseline proteasome activity than NSCs, which was consistent with our previous study. 5 Meanwhile, marizomib had a differential effect on cell viability: while NSCs, meningiomas, and low-grade GSCs were insensitive to marizomib, high-grade GSCs showed at least 40% reduction in survival at 20 nM (Fig. 1D ) with IC50 ranging from 9.32 nM -51.06 nM (Supplementary material, Table S1 ). The similar sensitivity of high-grade GSCs and the stable glioma cultures U-251 and D-54 also suggest that U-251 and D-54 could be considered a good model system for studying the mechanism of action of marizomib in gliomas for the rest of our experiments.
Since the invasive behavior of malignant gliomas contributes to their poor prognosis, 31 the role of marizomib on cell invasion was measured using Matrigel invasion assay (Fig. 1E) . The results showed that the capability of cell invasion was robustly inhibited (P , .001) by marizomib. Wound closure assay (Supplementary material, Fig. S1 ) further revealed that while the gap was only partially filled in marizomib-treated U-251 cells (even after 30 hours), control cells were able to migrate in and almost fill up the gap within 24 hours.
Marizomib Induces Apoptosis and Caspase-3 Activation in Glioma Cells
The growth inhibition induced by marizomib was accompanied with apoptosis induction. Marizomib treatment for 24 hours significantly increased the percentage of Annexin V stained cells ( Fig. 2A) , and DAPI staining (Fig. 2B) further confirmed marizomib-induced apoptosis represented by dramatic changes within the nucleus into dense granular particles (apoptotic bodies, arrow). Caspase-3 activation is an early step in the apoptosis cascade leading to nuclear fragmentation. Marizomib treatment has led to increased activity of caspase-3 in a dose-dependent manner (Fig. 2C) . Meanwhile, significant upregulation of cleaved caspase-3 and poly (ADP-ribose) polymerase (PARP) was detected in marizomib-treated cells (Fig. 2D) .
Marizomib Increases ROS Generation, but NAC Quenches ROS Induction, Blocks Caspase-3 Activation, and Improves the Malignant Glioma Cell Survival Proteasome inhibition by bortezomib and marizomib has been linked to increased ROS levels in several types of cancer cell lines including lymphomas, leukemias, and breast and prostate cancers. 22, 32 We sought to determine whether marizomib increases oxidative stress in the D-54 cells by measuring the levels of carboxy-H2DCFDA detectable ROS. We treated D-54 cells with 60 nM of marizomib for 12 hours and captured images using light microscopy (Fig. 3A, a and c) and fluorescent microscopy (Fig. 3A, b and d) . The ROS-positive cells increased from a basal level of 28.07% to 50.75% in the presence of Di et (Fig. 3A, lower panel) . We confirmed this observation by fluorescence spectroscopy, in which case we observed an increase in the ROS-derived fluorescence from 28 000 RFU to 40 000 RFU under identical conditions (Fig. 3B) .
To study the importance of ROS generation as a potential mechanism for marizomib-induced apoptosis, we exposed D-54 cells to the antioxidant NAC (10 mM) starting 1 hour before and continuing throughout the marizomib treatment. As shown in Fig. 3C , the generation of ROS induced by marizomib was completely blocked in the presence of NAC. In addition, NAC dramatically improved D-54 cell survival (Fig. 3D) and abolished caspase-3 activation (Fig. 3E) upon marizomib treatment. Western blot results also revealed that the induction of cleaved caspase-3 and PARP by marizomib was completely repressed by NAC (Fig. 3F) .
Marizomib Crosses the Blood-brain Barrier and Inhibits the Proteasome Activity in Vivo
Our unpublished studies showed that marizomib behaves similarly with respect to its pharmacokinetic properties in rats and nonhuman primates, with a very short plasma half-life (2 -30 min) and a large volume of distribution. Marizomib binds proteasome irreversibly and is subsequently hydrolyzed, which makes the measurement of marizomib in tissue homogenates very challenging. To characterize the pharmacodynamic activity of marizomib in vivo, we evaluated the extent of CNS penetration of marizomib by the quantitative wholebody autoradiography (QWBA) study in Sprague-Dawley rats. After a single i.v. dose of 3 H-marizomib (0.1 mg/kg, equivalent to 0.6 mg/m 2 ), drug-derived radioactivity was rapidly and widely distributed to tissues in male Sprague-Dawley rats. Maximum blood levels of radioactivity were observed 2 minutes post dose and declined rapidly to a baseline plateau 10 minutes after administration (data not shown). Distribution of radioactivity to the CNS was 30% of that for steady-state blood levels ( Table 1 ), demonstrating that marizomib is able to cross the BBB, at least in rodents.
To corroborate the data from rats, a pharmacodynamic experiment was performed in nontumor-bearing cynomolgus monkeys to determine whether marizomib is able to cross the BBB and inhibit proteasome activity in primate brain. Using Proteasome-Glo assay kits, CT-L, C-L, and T-L activities were assessed in normal monkey prefrontal cortex in vitro, and all 3 proteasome activities were present at levels well distinguished from baseline. (Nonproteasome activity metabolizing the assay substrate was subtracted using duplicate wells in the presence of a supramaximal concentration of proteasome inhibitor) (Fig. 4A ). This indicates a wide window for demonstrating differential inhibition of these activities. Next, CT-L and C-L activities were statistically inhibited to a similar extent (26% -28% inhibition, P , .05). Meanwhile, T-L activity was only weakly inhibited (11% -16% inhibition). The degree of inhibition observed was very similar for the twice-weekly and once-weekly dosing schedules for all proteasome activities without any statistical differences.
Marizomib Prolongs the Survival of Nude Mice Intracranially Implanted With Human Glioma D-54 MG Xenografts
We next examined the in-vivo antitumor efficacy of marizomib using human glioma xenografts. The MTD was first determined by injecting nude mice with different doses of marizomib (150, 200, 250, and 300 mg/kg, respectively) twice per week for 2.5 weeks. The MTD after 4 treatments was determined to be 200 mg/kg, which is equivalent to a human dose of 0.6 mg/m 2 . There was no statistical difference in the weight of animals between the control, MTD, and MTD-1 (150 mg/kg). MTD-1 is a dose below the MTD and was considered to minimize potential human toxicity that might not be noticed in a murine model (Fig. 5A) . We used MTD and MTD-1 for further experiments.
Mice received either vehicle control or marizomib treatment after xenograft implantation. All mice from the control group developed neurological symptoms 15 -22 days after the treatment and had to be euthanized (average survival 18 days). The mice treated at the MTD survived significantly longer (average survival 31 days) than the control animals (P , .05, log-rank test). Furthermore, 50% of the mice in the MTD group survived much longer (29 -65 days) than any of the control mice, and 25% of the mice were still alive even after 50 days. However, the survival in the MTD-1 group was not different from that of the control group (Fig. 5B) .
Discussion
Recent studies have demonstrated the effects of the secondgeneration proteasome inhibitor marizomib in multiple myeloma, mantle cell lymphoma, Waldenstrom's macroglobulinemia, and chronic and acute lymphocytic leukemia as well as colorectal and pancreatic cancer models. 33 However, little is known about its effect on primary brain tumors, particularly in the very aggressive GBM. Our study demonstrated that marizomib displayed antiglioma activity in vitro, suppression of proliferation (Fig. 1B) , and inhibition of migration and invasion ( Fig. 1E and Supplementary material, Fig. S1 ) in association with profound inhibition of proteasome activity in U-251 and D-54 cells (Fig. 1A) . Proteasome inhibition results in a cascade of events leading to apoptotic cell death. Marizomib treatment led to apoptosis indicated by Annexin-V-positive cells ( Fig. 2A) as well as nuclear fragmentation and apoptotic body formation (Fig. 2B) . Caspase-3 is a critical executioner of apoptosis as it is either partially or totally responsible for the proteolytic cleavage of many key proteins such as the nuclear enzyme PARP. Our findings that marizomib-induced apoptosis is associated Fig. 2C and D) are similar to previous studies in leukemia. 22, 23 ROS induction as a trigger for apoptosis is a key feature of bortezomib activity in CNS-derived tumor cells. 34 Marizomib has also been demonstrated to induce ROS in leukemia cells. 22 We demonstrated here that marizomib could significantly induce ROS production in glioma (Fig. 3A and B) , and this effect is attenuated in the presence of NAC, a free radical scavenger (Fig. 3C) . Furthermore, ROS generation is a major mechanism of action for marizomib-induced apoptosis. Blockage of ROS induction by NAC significantly improved the survival of glioma cells treated with marizomib (Fig. 3D) and diminished the activation of caspase-3 and PARP ( Fig. 3E and F) .
Our in-vivo study demonstrated that the administration of marizomib in monkeys resulted in significant inhibition of CT-L and C-L activities in brain tissues (Fig. 4 and Supplementary  material, Fig. S2 ). This result is different from a previously published study 35 in which marizomib administration inhibited 20S proteasome activity in many organs but not in the brain. The difference may be due to a technical artifact. In Singh et al., very low brain proteasome activity was detected at baseline, making the inhibition difficult or impossible to detect. By contrast, baseline proteasome activity levels were much higher in the Williamson study, 29 and robust inhibition of CT-L proteasome activity was observed in brain as well as blood and tumor. Further evidence for CNS penetration of marizomib has been found in our QWBA study in rats (Table 1) . Distribution of radioactivity to the CNS was 30% that of steady-state blood Data expressed as percent blood levels (mean+SEM).
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The antitumor activity of marizomib in glioma levels. Taken together, our findings demonstrate that marizomib is able to cross the BBB and inhibit proteasome activity in rodents and primates. More importantly, marizomib as a single agent may markedly prolong survival of immunodeficient mice intracranially implanted with human glioma xenografts with minimal effect on body weight (Fig. 5) . Another interesting finding from our study was that marizomib demonstrated a remarkable selectivity of growth inhibition for GSCs derived from high-grade tumors compared with GSCs derived from low-grade gliomas, meningiomas, and NSCs ( Fig. 1D and Supplementary material, Table S1 ). Even though marizomib could suppress CT-L activity in both NSCs and GSCs, NSCs have a higher baseline proteasome activity than malignant GSCs (Fig. 1C) . These data suggest that marizomib might have limited neurotoxicity. These data confirm our previous publication using another proteasome inhibitor, bortezomib, which also suggested that GSCs are specifically targeted by proteasome inhibition as compared with NSCs. 5 Recent preclinical data provide compelling evidence to support combining marizomib with other therapies in hard-to-treat solid tumors such as GBM. It has been reported that the combination of marizomib and multiple drugs, (eg, 5-fluorouracil, CPT-11, bevacizumab, oxaliplatin, gemcitabine, and erlotinib) exhibited enhanced antitumor activities in colon and pancreatic carcinoma xenograft models. 36, 37 The current multiple myeloma study (http://www.clinicaltrials.gov, NCT02103335) treats participants with a combination of pomalidomide, marizomib and dexamethasone. Other proteasome inhibitors such as bortezomib can increase the efficacy of both temozolomide 38 and PI3-kinase inhibitors 39 in malignant glioma cell models. In addition, marizomib can radiosensitize certain human GBM cells that exhibit significant levels of mutant p53. 24 The findings in multiple models clearly demonstrate the significant potential of combining marizomib with other cancer-targeted therapies that are currently utilized for the treatment of GBM -and combination therapy with temozolomide or bevacizumab is currently being considered in our laboratory.
We conclude that marizomib is an effective in-vitro agent for targeting the most aggressive and treatment-resistant malignant glioma cells. In addition, marizomib has relatively little effect on NSCs, suggesting the potential for a good neurologic safety profile, which is an important property for a drug that has the ability to cross the BBB. In malignant glioma cells, marizomib inhibits proteasome activity, increases ROS and caspase-3 activation, and induces apoptotic cell death, similar to that reported in hematologic malignancies. These findings correlate the pharmacodynamic effects of marizomib with its cytotoxic effects against glioma in vivo. Marizomib is now 
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Neuro-Oncologyprogressing through phase 1/2 clinical trials for multiple myeloma at leading clinical sites in the US and Australia (http://www. clinicaltrials.gov, NCT02103335). Our group is currently embarking on a phase 1 study of marizomib in recurrent GBM patients (NCT02330562). Additional research into the use of marizomib as a potential treatment for malignant gliomas is clearly warranted.
Supplementary Material
Supplementary material is available at Neuro-Oncology Journal online (http://neuro-oncology.oxfordjournals.org/).
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